We review some recently published results on sex chromosomes in a diversity of species. We focus on several fish and some plants whose sex chromosomes appear to be 'young', as only parts of the chromosome are nonrecombining, while the rest is pseudoautosomal. However, the age of these systems is not yet very clear. Even without knowing what proportions of their genes are genetically degenerate, these cases are of great interest, as they may offer opportunities to study in detail how sex chromosomes evolve. In particular, we review evidence that recombination suppression occurs progressively in evolutionarily independent cases, suggesting that selection drives loss of recombination over increasingly large regions. We discuss how selection during the period when a chromosome is adapting to its role as a Y chromosome might drive such a process.
Introduction
The fundamentals of how and why sex chromosomes evolve have been reviewed many times (Bull, 1983; Charlesworth, 1996 Charlesworth, , 2002 . It is well understood that the idea that sex-determining genes should not recombine (Nei, 1969) can explain the lack of recombination between X and Y chromosomes of animals such as Drosophila and mammals with male heterogamety (or Z and W in taxa with female heterogamety such as birds and Lepidoptera; Bull, 1983) . It is also well established that such nonrecombining Y or W chromosomes have lost many genes that are carried on the ancestrally homologous X or Z chromosomes (genetic degeneration; Bull, 1983; Charlesworth and Charlesworth, 2000) . In mammals, only a few X-linked genes have homologues on the Y chromosome, and several Y-linked genes are known that do not have homology to X-linked genes and have presumably been translocated to the Y from elsewhere (Lahn et al, 2001) ; in D. melanogaster, all known Y-linked genes are in this latter category (Carvalho, 2002) . The X and Y (or Z and W) chromosomes are often morphologically distinguishable (heteromorphic), with the Y or W being largely heterochromatic and containing a high proportion of repetitive DNA (Bull, 1983) .
Our existing theories of the early stages of sex chromosome evolution show how the lack of recombination between the sex chromosomes may have arisen , and how this can lead to genetic degeneration of the heterozygous sex chromosome (reviewed in Charlesworth and Charlesworth, 2000) . Indeed, cessation of recombination between large parts or all of the sex chromosomes is the ultimate cause of the degeneration of Y or W chromosomes. In the first place, isolation caused by the cessation of recombination is a necessary condition for genetic divergence between the two sex chromosomes to begin. Second, the lack of recombination among most genes carried on Y or W chromosomes reduces the ability of selection to fix favourable mutations (Orr and Kim, 1998) and to prevent the fixation of deleterious ones, due to Hill-Robertson interference among completely linked loci (hitch-hiking processes reviewed in Charlesworth and Charlesworth, 2000) . The sheltering of recessive or partly recessive Y-linked deleterious mutations from selection due to their permanent heterozygosity may also contribute (Nei, 1970) but seems unlikely to be the main force involved . In addition to these models, which predict gradual loss of the level of adaptation of genes on the Y or W chromosomes, there are several well-characterised population genetic processes that cause a build-up of both tandem arrays of satellite-type DNA sequences and transposable elements in genomic regions where crossing over is reduced or absent (Charlesworth et al, 1994) , without necessarily impairing fitness.
The properties of lack of recombination and genetic degeneration are so closely connected in our ideas of how sex chromosomes evolve that they define our current concept of sex chromosomes, but it should be remembered that other heteromorphic chromosome systems with suppressed recombination show some striking similarities to sex chromosomes. The Chlamydomonas mating-type locus (Ferris et al, 2002) and incompatibility locus regions of some fungi with systems with two incompatibility types (Fraser and Heitman, 2004) include large nonrecombining genome regions that differ in size, gene content and representation of transposable elements. The heteromorphic sex chromosomes of bryophytes, which are primarily haploid (Bull, 1983; Ishizaki et al, 2002) , represent a similar situation, although it is not yet known whether these homologous chromosome pairs show genetic degeneration. These haploid systems support the conclusion above that lack of recombination is sufficient for gene loss and transposable element accumulation. Plant self-incompatibility loci may be similar (Mather and Winton, 1941; Kurian and Richards, 1997; Stone, 2004) , although the sizes of nonrecombining regions, and even their existence, are not yet established (Takebayashi et al, 2004) .
As sex chromosomes are a special case of a more general phenomenon, it has been suggested that all these different cases should be called sex chromosomes (Fraser and Heitman, 2004) . Here, we will restrict the term to chromosomes that carry the genes controlling male or female development, defining the male-female dichotomy in terms of gamete size differences (Maynard Smith, 1978) , which are absent in other systems. Another difference is that in diploid species one sex chromosome (the X or Z) is regularly present in two copies in one sex and undergoes crossing over, whereas the sex-specific chromosome or region is always heterozygous and nonrecombining. Most mating-type loci have no such asymmetry, all alleles generally being heterozygous in the diploid parts of the life cycle; in plants with the distylous form of heterostyly, however, one incompatibility type is heterozygous while the other is homozygous, similarly to sex chromosomes (Barrett, 1992) . The permanent heterozygosity of evolving Y or W chromosomes clearly favours the erosion of genes on these chromosomes, since the active counterparts on the X or Z chromosomes can maintain their functions, especially if dosage compensation evolves (Charlesworth, 1978) .
The use of molecular markers in mapping experiments to identify regions involved in sex determination in species without heteromorphic sex chromosomes, and the molecular genetic characterisation of sex-specific loci, have revolutionised our ability to study sex chromosome systems outside the standard model organisms. We will show how these new approaches have advanced our understanding of the evolution of sex chromosomes. We will not review the theory of X/Y chromosome evolution, or describe classical sex chromosomes, but will describe new information from taxonomically diverse species, in many of which the sex-determining genes are not located on classical heteromorphic sex chromosomes, but within much smaller nonrecombining genomic regions.
Types of sex chromosomes
Studies of a wide diversity of animal and plant species have found differing degrees of genetic and structural differentiation between the two sex chromosomes (Bull, 1983) . The situation closest to the theoretical models of the origins of sex chromosomes should be found in recently evolved sex chromosomes. The most common ancestral state in plants is probably hermaphroditism, although dioecy can also evolve from monoecy (with developmentally well differentiated male and female flowers already having evolved). Animal genetic sexdetermining systems may, however, often have evolved from environmental sex determination, again with established male and female organs and physiology (Janzen and Krenz, 2004) .
According to our theoretical understanding, plant or animal sex chromosomes that evolved recently from any of these ancestral states should contain a region with a cluster of sex-determining genes that are closely enough linked to allow separate sexes to evolve . The required degree of linkage depends on the effects of the genes involved. For instance, a female suppressor can evolve in a gynodioecious population, despite lowering the reproductive fitness of females, provided that its allele on the proto-Y is linked to the locus causing male sterility in females, which defines a proto-X chromosome ( Figure 1 ). The linkage must be tight if the female-suppressor strongly reduces female fertility, but less tight linkage is necessary if the effect is milder. The presence of two such genes in this chromosome region then induces a selection pressure for reduced recombination in this part of the chromosome pair (a single sex-determining locus will not select for loss of recombination). It is often stated that sex chromosome evolution starts when one member of a chromosome pair acquires a sex-determination function (Carvalho, 2002) , but this leaves out an important part of the evolution of genetic sex determination: two separate mutations, in order to produce genetically distinct females and males.
Recombination should thus initially be suppressed only in the sex-determining region. However, many sex chromosome pairs have suppressed recombination extending over much of the Y, except for a small 'pseudoautosomal' region or regions (PAR) to which pairing and recombination are restricted. Since one crossover per chromosome arm is often required for disjunction, crossover rates are likely to be extremely high in these regions (Perry and Ashworth, 1999 
What causes suppressed recombination?
An interesting idea about why recombination suppression expands to include much of the Y or W chromosomes is that it is a consequence of the action of selection on other genes, which interact with the primary sexdetermining genes (Fisher, 1931; Bull, 1983; Rice, 1987b Rice, , 1996 ; we will discuss the Y, but similar considerations apply to W-linked genes. Such interactions involve alleles with good effects in one sex, but which reduce the fitness of the other sex (sexually antagonistic genes), creating genetic conflicts similar to those during the initial evolution of separate sexes. Mutations whose expression is sex limited can also spread, but this will probably apply to few mutations in young dioecious species. For many genes, therefore, their spread in dioecious populations is constrained by linkage,
Steps in sex chromosome evolution D Charlesworth et al similarly to the conditions just outlined for the primary sex-determining genes, so that fairly close linkage to the sex-determining loci on the proto-Y chromosome is probably often necessary (Fisher, 1931) . The Y chromosome is thus expected to accumulate genes beneficial for male functions, confining them to males (Rice, 1987a) , and male attractiveness genes in guppies are indeed often partially Y-linked (Lindholm and Breden, 2002) . Once such genes have accumulated, there is a selective advantage to suppressing crossing over between them and the sex-determining regions of the proto-sex chromosomes. As shown in Figure 1 , at least two evolutionary factors are thus expected to lead to recombination suppression between sex chromosomes: (i) the presence of sex-determining genes that should not recombine, and (ii) the evolution of Y-linked genes that benefit male but not female functions, again causing selection against recombinants.
Two kinds of change might affect recombination between the evolving sex chromosomes. One possibility is a gradual reduction of crossover frequencies, due to the spread of genetic modifiers of recombination rates (Brooks, 1988) . The second possibility involves chromosome rearrangements such as inversions, and these could also cause X-Y chromosome heteromorphism. As few as two interacting genes can drive selection for reduced recombination via either process. Inversions on either the proto-Y or proto-X may be favoured (Charlesworth and Hartl, 1978) , and may affect crossing over in a large part of the sex chromosomes, involving genome regions containing many genes, most of them with no role in sex determination. Where no rearrangements can be detected cytologically, we may infer that gradual change is likely. We will consider evidence bearing on the possibility of inversions below.
Translocations or centric fusions involving an autosome and a sex chromosome could also create linkage between sexually antagonistic genes and the sex chromosomes, and hence be favoured by natural selection (Charlesworth and Charlesworth, 1980) . In addition to the creation of linkage between genes that were formerly on separate chromosomes, such rearrangements often reduce or suppress crossing over in the regions around the breakpoints in heterozygotes with the standard arrangement (Ashburner, 1989; Davisson and Akeson, 1993; Vieira et al, 2003) . Chromosomes newly subjected to a sex chromosomal inheritance pattern in this way are called 'neo-sex chromosomes'. A classic example is the Drosophila miranda Y-autosome fusion, which involves the homologue of the third chromosome of its close relative D. pseudoobscura (Steinemann and Steinemann, 1998) . In this case, the neo-Y would immediately have stopped recombining due to the absence of crossing over in male Drosophila. In D. americana, a relative of D. virilis, an X-autosome fusion is either fixed or polymorphic in some populations (McAllister, 2002) . Here, the neo-Y is , where Su F is a dominant female-suppressing allele changing hermaphrodites into males. More than two changes are also possible. In the primitive sex-determining region, selection favours low recombination between the proto-Y chromosome and its homologue. Part 2 of the figure shows this region in red after recombination with the proto-X has been suppressed and the region has thus become male specific. Further genetic changes may also occur on the sex chromosomes, such as the change of m 2 to a male-promoting allele, M 2 . This addition of male-promoting genes leads to selection for suppressed recombination in a wider region (see text). Genetic degeneration of the male-specific region may then occur as outlined in the text, finally leading to loss of Y chromosome DNA.
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Neo-sex chromosome systems are known in many plants and animals, including XY 1 Y 2 in the plant Rumex acetosa (Rejó n et al, 1994) , and multiple sex chromosomes due to translocations in African misteltoes (Barlow and Wiens, 1976) , termites (Syren and Luykx, 1977) , African pygmy mice (Veyrunes et al, 2004) and monotremes (Rens et al, 2004 ). As we shall describe below, the sex chromosomes of eutherian mammals represent an ancient case of neo-sex chromosomes, established after the divergence of eutherians and marsupials (Waters et al, 2001) . Several additions to the mammalian sex chromosomes are inferred, including the recent addition of a second PAR2. Genes in both the present-day PARs are autosomal in marsupials, and are on different marsupial chromosomes (Charchar et al, 2003) .
Finally, sex chromosome systems, once established, have been modified in various ways that have no direct consequences for recombination frequencies. Transpositions of autosomal genes have occurred onto established Y chromosomes in mammals . All genes known on the D. melanogaster Y appear to be male function genes without X chromosome counterparts, which were probably acquired from the autosomes (reviewed in Carvalho, 2002) . The Y's lack of evident homology with the X, beyond pairing and carrying rDNA, has led to suggestions that the D. melanogaster Y is not a degenerated X at all. The Y chromosome of some insects may have evolved from a pre-existing, already nonrecombining, heterochromatic B chromosome (Nokkala et al, 2003) , and such an origin could potentially account for the situation in D. melanogaster (Carvalho, 2002) . This, however, seems speculative, and there is no direct evidence. Complete loss of functional genes from Y chromosomes can readily account for absence of Y-X homology. Degeneration of an X-homologous neo-Y of D. miranda is described below, and the ancestral Y chromosome has degenerated completely in D. pseudoobscura, after a fusion with an autosome created a neo-X, whose homologue probably became a new Y, which is now also genetically degenerated (Carvalho and Clark, 2005) .
Another possible type of change is the emergence of a new sex-determining gene, epistatic to the previous sex determiner, so that the original genes no longer control sex development, as in the fly Musca domestica (Shearman, 2002) , and probably also in the medaka fish, Oryzias latipes (see below). The sex-determining region of the fly, Megaselia scalaris, appears to transpose between chromosomes, creating new potential sex chromosomes Willhoeft and Traut, 1990; Traut and Wollert, 1998) . By this type of process, a single locus takes control of sex determination, that is, derived states with a single sex-determining gene can evolve. Single locus sex determination, such as that of mammals, with a single Y-linked gene, SRY (Lahn et al, 2001) , controlling sex, might also be able to evolve directly, but no detailed model has yet been worked out to show how this could occur.
Based on the ideas outlined above, single-gene sex determination situations should not select for reduced recombination in the new sex-determining region; such a selection pressure could, however, emerge as further genes interacting with the primary sex-determining genes evolve (Rice, 1996) . New sex-determining regions of this kind should therefore allow tests of the theory that interactions between sexually antagonistic genes with sex-determining genes are important in the evolution of suppressed crossing over between the sex chromosomes.
Gradual suppression of recombination and the role of inversions
There is now evidence from several taxa (mammal, birds and plants) for more than a single event of cessation of recombination between X and Y chromosomes. The extent of DNA sequence divergence between homologous X/Y gene pairs of a single species has been found to vary greatly among genes, suggesting that different regions of the sex chromosomes have been nonrecombining for very different amounts of time, given that sequence divergence begins once crossing over between X and Y stops. Moreover, in these cases, divergence levels (called 'evolutionary strata' by Lahn and Page, 1999) show a clear pattern in relation to the X chromosome genetic map; for loci that are still present on the Y, comparisons of Y and X homologues shows that the sequences of genes closest to the PAR have least synonymous site divergence, while loci further away belong to the older, more diverged sex chromosome region (Lahn and Page, 1999; Skaletsky et al, 2003; Lawson-Handley et al, 2004; Nicolas et al, 2005) . A schematic diagram of such strata is shown in Figure 2 . In the human X, there appear to be at least four strata (Lahn and Page, 1999; Ross et al, 2005) . The human amelogenin gene, which spans the boundary of strata 3 and 4, shows this effect within this single locus. Synonymous divergence between the AmelX and Y copies changes from 30% in the older 5 0 region (in stratum 3) to 10% in the 3 0 region (in stratum 4); in a multispecies study, the same pattern was found in other mammalian orders (Iwase et al, 2003) . This pattern demands an explanation. Was recombination suppression in mammals a discontinuous process (due to successive inversions or translocations), or did it evolve gradually? Gene order differs between the X and Y chromosomes, whereas X chromosomes are remarkably homosequential between different mammals, suggesting Y rearrangements . In humans, the finding of evolutionary strata, without any evident relationship between genes' positions on the Y chromosome and synonymous divergence between X and Y copies, prompted the suggestion that four inversions have occurred on the mammalian Y.
There is some support for inversions. The XG gene, which spans the current human PAR boundary, has a truncated Y copy, perhaps caused by an inversion (see references in Iwase et al, 2003) . However, inversions are probably not the complete explanation for the lack of X-Y crossing over. Translocations onto the Y have certainly occurred; as already mentioned, the eutherian sex chromosomes are ancient neo-sex chromosomes, which partially explains the divergence differences. The oldest strata, 1 and 2, include genes that are also sex-linked in marsupials, whereas genes in eutherian mammals' strata 3 and 4 are autosomal in marsupials (Waters et al, 2001) . The boundaries between strata, especially 3 and 4, are not as clear as would be expected if the strata were created by inversions, and no evidence explicitly links
Steps in sex chromosome evolution D Charlesworth et al the strata with the history of rearrangements of the sex chromosomes. Moreover, the Y copy of the amelogenin gene at the boundary of strata 3 and 4 is not truncated, as would be expected if stratum 4 was formed by an inversion (Iwase et al, 2003) . Finally, gene conversion can continue between the X and Y chromosomes after they have lost the ability to cross over (Pecon-Slattery et al, 2000; Marais and Galtier, 2003; Rozen et al, 2003) , so variation in the rate of gene conversion could contribute to the variation in extent of X/Y divergence.
In dioecious plants of the genus Silene, few pairs of X and Y linked loci are available as yet, so distinct strata are not detectable, but synonymous site divergence values again differ greatly between different loci, with the highest divergence in regions furthest from the PAR (Nicolas et al, 2005) . Similar overall patterns thus evidently evolved independently in phylogenetically very distant animal and plant lineages. Divergence differences may again be partly due to transpositions of genes onto the Y, but so far only a single functional Y-linked gene is known to have arisen in this way, the SlAp3Y gene, which has no X-linked copy, but only an autosomal homologue (Matsunaga et al, 2003) . The transposition appears to have occurred soon after the X and Y chromosomes started to diverge (Matsunaga et al, 2003) , but it is unknown whether its initial transfer to the Y was selectively favoured (it may merely be a part of a larger translocation that was favoured because it carried some other gene(s) with advantages for male functions). Small transpositions cannot explain the observed pattern of divergence along the X chromosome. It is not yet clear whether inversions have occurred on the Silene X or Y, or both chromosomes, but the data imply multiple evolutionary steps leading to reduced recombination, perhaps even a more-or-less continuous reduction of recombination, and show that reduced recombination can occur over a short time scale, since one gene that is clearly nonrecombining has only 2% X-Y synonymous site divergence (Filatov et al, 2000) . The largest silent site divergence values in Silene, B25%, are similar to those for the most recent human stratum, 4, or the lowest bird divergence (Lawson-Handley et al, 2004) .
Can recombination decrease without chromosome rearrangements, just by spread of recombination modifiers with small effects? Crossing over in the mammalian amelogenin region seems to have been suppressed through several small-scale events (Marais and Galtier, 2003) , but these might be small inversions, and other events, such as insertions of transposable elements, are not excluded. Another possibility is that, as it evolved, recombination suppression itself could inhibit recombination in nearby regions of the sex chromosomes. For instance, if recombination at the pseudoautosomal boundary is sufficiently rare, X and Y sequences might diverge, perhaps eventually inhibiting recombination and resulting in movement of the boundary (Ellis et al, 1990) . However, this seems unlikely since the crossing over rate at the centromeric boundary is very high in the human PAR1 (Lien et al, 2000) and possibly also in mice (Montoya-Burgos et al, 2003) .
Whatever the mechanism, loss of X-Y recombination has occurred in different taxa, including repeated events Steps in sex chromosome evolution D Charlesworth et al in different fairly closely related lineages of birds (Ellegren and Carmichael, 2001 ) and insects (Drosophila and mosquitoes, which have different sex chromosome gene content; Krzywinski et al, 2004) . The fact that this evolutionary change occurs repeatedly suggests that recombination suppression between the sex chromosomes was actively favoured by selection, rather than being a consequence of rearrangements such as occasionally occur on all chromosomes. In the amelogenin region, phylogenetic analysis (see Figure 2c) suggests that recombination stopped before the mammalian radiation in the 5 0 region, but later in the 3 0 region, implying that the recombination suppression leading to the formation of stratum 4 evolved independently in each mammalian order (Iwase et al, 2003) .
Despite this evidence suggesting selection for recombination suppression, no direct evidence yet connects this with sexually antagonistic selection. Many Y-linked male function genes are known in humans, and the sequencing of the Y has shown that two such genes (CDY and DAZ) were transposed from autosomes to the Y , as has also occurred in Drosophila (Carvalho et al, 2001a, b) . To show that this is due to sexually antagonistic selection will require evidence that possession of these male function genes would be deleterious to females. An example of the evolution of suppression of crossing over between sex chromosomes has recently been described in D. americana, where one chromosomal inversion is confined to the neo-X chromosomes, and is never found on either the homologous unfused autosome or the neo-Y (McAllister, 2003) . Sequence polymorphism studies suggest that the spread of this inversion was driven by natural selection, since closely linked loci show signs of a recent selective sweep. The inversion increases genetic isolation between the neo-X and neo-Y chromosomes, which is incomplete for loci not closely linked to the centromere, since females carrying the neo-Y can be produced when females carrying the unfused chromosome mate with males with the fusion, in populations that are polymorphic for the neo-X chromosomes (McAllister, 2002 (McAllister, , 2003 .
The time scale of genetic degeneration
The origins of Drosophila neo-sex chromosomes systems can often be dated by comparisons of related species or species groups, providing a time scale for the degeneration of neo-Y chromosomes. The neo-Y chromosome of D. pseudoobscura and its relatives originated roughly 13 million years ago (Tamura et al, 2004) and is absent from the Old World members of the obscura group; it appears to be almost completely degenerated (Carvalho and Clark, 2005) . All the neo-X loci studied now show sexlinked inheritance and apparently full dosage compensation (Lucchesi, 1978; Marín et al, 2000) . In contrast, the more recently formed neo-Y of its relative D. miranda carries a mixture of missing, degenerate and active loci, with patchy dosage compensation along the neo-sex chromosomes (Steinemann and Steinemann, 1998) . In neo-Y genes with no overt signs of degeneration, aminoacid substitution is accelerated, consistent with accumulation of slightly deleterious mutations on this chromosome (Bachtrog, 2003b) . The degree of DNA sequence divergence between homologous loci on the neo-X and neo-Y suggests that the fusion that generated the neo-sex chromosomes occurred about one million years ago, about half the D. pseudoobscura-D. miranda divergence time. In contrast, D. americana neo-Y chromosomes show no evidence for any degeneration, consistent with a much more recent origin and incomplete isolation from the neo-X (Charlesworth et al, 1997) . The same appears to be true of the neo-Y of D. albomicans (D Bachtrog, unpublished data), which is so closely related to D. nasuta that sequence divergence is minimal (Yu et al, 1999b) . It is thus clear that a Y chromosome can partially degenerate in fewer than several million generations, as predicted by population genetic models of large nonrecombining genomic regions .
The D. miranda neo-Y also illustrates the tendency of nonrecombining genomic regions to accumulate transposable elements. Several families of elements are in much higher abundance than elsewhere in the genome (Steinemann and Steinemann, 1998) , and elements have spread to fixation within the neo-Y chromosome population (Bachtrog, 2003a) . As much as 50% of the DNA of the D. miranda neo-Y may consist of transposable elements (Bachtrog, 2003a) , perhaps accounting for its heterochromatic appearance in polytene chromosome preparations (Steinemann and Steinemann, 1998) . The Bombyx W chromosome also contains nested retrotransposons, similar to those in maize intergenic regions (Fu and Dooner, 2003) , showing that accumulation has been going on for a long time (Abe et al, 2000) .
Apart from these well-studied Drosophila examples, the fate of chromosome arms translocated onto sex chromosomes is not well understood. In species where recombination occurs in both sexes, neo-X and -Y chromosomes will cross over, except in the centromeric regions (Davisson and Akeson, 1993; Vieira et al, 2003) , and their genetic isolation requires mechanisms suppressing crossing over more widely, like those discussed earlier. Given the evidence for several pairs of formerly autosomal genes on both the X and Y in eutherian mammals (Waters et al, 2001) , two fusion events must have occurred; first, the ancestral X or Y became fused with an ancestral autosome, and then the free homologue of the formerly autosomal neo-sex chromosome must have fused with the nonfused sex chromosome, perhaps to stabilise segregation in rearrangement heterozygotes (Yu et al, 1999a) . There is also evidence for such a dual fusion in D. albomicans (Yu et al, 1999a) .
Much less is known about degeneration of Y-linked genes of plants. Sex chromosomes may have evolved independently within several plant genera. The Y copy of the MROS3 gene of Silene latifolia was found to be degenerate (Guttman and Charlesworth, 1998) , but as this is a member of a gene family with several other members, one cannot exclude the possibility that this case represents only the normal gene birth and death process of paralogous genes, rather than a phenomenon specific to the Y chromosome, although there is evidence for low viability of Silene plants lacking an X chromosome (Westergaard, 1958; Ye et al, 1990) . Five S. latifolia Ylinked genes with X-linked homologues have now been studied, one of which is only a degenerate fragment (Guttman and Charlesworth, 1998) , and one is apparently not transcribed (Nicolas et al, 2005) , but transcription levels of the others have not yet been compared with their X-linked counterparts. The results from Silene genes
Steps in sex chromosome evolution D Charlesworth et al do not estimate the fraction of degenerate genes. They tell us only that some genes can be maintained on the Y without becoming pseudogenes, although, even in these, slight degeneration is detectable by detailed comparisons of amino-acid sequence divergence of orthologous X and Y coding sequences (Nicolas et al, 2005) .
Young sex chromosomes
Data on young sex chromosomes are of great interest, particularly for testing questions such as whether the sex-determining genes are initially on a single chromosome, as the theory outlined above predicts, and also whether accumulation of repetitive sequences is the earliest event, before genes start degenerating. In some fish and plant species, the sex-determining genes have been genetically mapped to small regions of ordinary chromosomes, and some species show no sign of any extended sex chromosomal region, for example, Ficus fulva (Parrish et al, 2004) . The best-studied plant case to date is papaya (Liu et al, 2004) . There is a small nonrecombining region of roughly 4.4 Mb, only about 10% of chromosome 1 (but probably containing 100-200 genes, based on gene densities in other papaya genome regions). AFLP marker densities in the male-specific region are, however, much higher than for the rest of chromosome 1 (225 markers cosegregate with sex, while the rest of the chromosome, at least 41 Mb, yielded only 117 markers in the same screen). This strongly suggests divergence between 'Y-like' and 'X-like' homologous regions. However, it is not yet clear whether this represents divergence in genes -it might represent accumulated differences in intergenic regions since the 'Y-like' and 'X-like' homologous regions ceased recombining. The male-specific region is indeed enriched with repetitive sequences, compared with other genome regions, like other Y chromosomes .
The sex-determining region in three-spine sticklebacks, Gasterosteus aculeatus, is similar, although only about 250 kb of this region are well characterised (Peichel et al, 2004) . Crossing over in males is suppressed over a wide region near a sex-determining factor located at one end of the proto-X and proto-Y chromosomes (linkage group 19): two markers separated by 16-20 cM in females on the proto-X chromosome are only 1.5-3.5 cM apart in males. Repetitive sequences have accumulated in the male-specific region, including transposable elementderived sequences, reducing sequence similarity between intergenic sequences of the proto-X and proto-Y to below 64%.
The related stickleback species G. wheatlandi appears to have a different sex-determining system, with cytologically distinct X and Y chromosomes (Peichel et al, 2004) . The G. aculeatus sex determination region may thus have evolved fairly recently, as a result of a male determining gene having been transposed onto linkage group 19 from elsewhere. Such an origin of the proto-Y chromosome is strongly supported in the case of the medaka, O. latipes, another fish species that has been studied in detail at the molecular level. As in the stickleback, crossing over is strongly reduced near the sex-determining region (Kondo et al, 2001) . Part of the male-specific genome region containing the male determining factor has now been characterised in detail. It contains a gene, dmrt1bY, which is required for male development (Matsuda et al, 2002; Nanda et al, 2002) . This is related to DMRT1 of mammals (which plays a major role in controlling sexual phenotype), and to genes implicated in the sex determination pathways of other animals, including Caenorhabditis elegans and D. melanogaster, and reptiles with environmental sex determination (Zarkower, 2002) . The malespecific region of the medaka proto-Y has accumulated repetitive sequences, and other genes in the region seem to have become nonfunctional (Nanda et al, 2002) . The region is only about 260 kb in length, representing about 1% of the length of the chromosome, with no homologous region present on the proto-X chromosome. Dmrt1by seems to have originated by a recent duplication (estimated to have occurred 4-10 MYA) of an autosomal gene, dmrt1a, which is present only in close relatives of the medaka (Kondo et al, 2004) . Why this duplication was established, and why crossing over is suppressed close to dmrt1bY, remain unknown.
Are plant and fish sex chromosomes really young?
In studying plant and fish sex chromosomes, an important issue is to test whether they are truly primitive, and are just starting on the path that may ultimately lead to heteromorphic sex chromosome evolution, rather than being derived from pre-existing sex chromosomes. Their ages can be estimated, subject to the uncertainty of molecular clock dating, if reliably alignable sequence data (from coding sequences) are available to estimate X-Y divergence. To compare patterns of X and Y sequence divergence, including testing whether the X and Y mutation rates differ (Li and Makova, 2002) , and to understand the history of chromosome rearrangements, data from outgroup species with orthologous sequences are also needed (Filatov and Charlesworth, 2002) .
The scattered distribution of dioecy in flowering plants suggests at first sight that sex chromosomes evolved within those families where they are found, but it is difficult to rule out an ancient origin of dioecy, with secondary reversion to hermaphroditism within many plant families. Insect-pollinated plants are probably vulnerable to unreliable pollination, which can strongly select for hermaphrodite function, and cases of reversion are known (Huff and Wu, 1992; Rieseberg et al, 1992; Pannell, 1997) ; not surprisingly, males of many plant species have some ability to set fruits (some species have 'inconstant males' where this regularly occurs; Darwin, 1877; Burrows, 1960) . Consistent with reversion to hermaphroditism occurring regularly, dioecious clades of plants generally have lower species richness than their sister clades (Heilbuth, 2000) .
It will therefore be important to combine data from taxa with putatively young sex chromosome systems with phylogenetic analysis, in order to place the estimated origins of sex chromosomes in the context of the history of the taxa. This will require comparing divergence from extant hermaphrodite relatives with X-Y gene divergence, to test whether dioecy really evolved from a common ancestor with the hermaphrodite species, or might have originated earlier. Obtaining outgroups may pose a problem for evolutionary studies in fish such as sticklebacks, where related species are also dioecious, and plants such as papaya, where most species in the entire (small) family are dioecious. If
Steps in sex chromosome evolution D Charlesworth et al dioecy evolved in an ancestor, rather than within the genus, it may be difficult to find outgroup species at divergence levels suitable for analyses. On the other hand, an ancient origin would be interesting, as the small size of the nonrecombining region (Liu et al, 2004) would then suggest that suppressed recombination can remain limited in extent, perhaps because sexually antagonistic genes have not accumulated to any considerable extent; degeneration of the entire Y chromosome may thus not be inevitable. This possibility is consistent with the evolutionary models, which do not imply that proto-X and proto-Y chromosomes will necessarily evolve complete crossover suppression and Y chromosome degeneration. It will thus be very interesting when X-Y divergence data become available for papaya coding sequences, making possible comparisons of the ages of the papaya and Silene male-specific regions.
Conclusions
We have emphasised that sex chromosomes can evolve in several different ways, and that recombination suppression is favoured when genes are involved that interact with sex with respect to their effects on fitness There are two situations in which such interactions are likely: (i) in the initial stages of evolution of dioecy, and (ii) after dioecy has been established, including situations when a sex-determining gene has moved to a new genome location, or control of sex determination has been usurped by a new sex-determining gene. The models outlined above predict that the Y will be subject to several successive changes driven by selection (Figure 1 ). Increasing knowledge of the detailed anatomy and gene content of sex chromosomes and male-specific regions of chromosomes should allow these ideas to be tested.
More studies of X-and Y-linked genes, and more detailed genetic maps of sex chromosomes in a range of species are therefore needed. Transposable element accumulation is probably an early effect of restricted recombination, so one of the first changes affecting sex chromosomes may be increased DNA content. Plant Y chromosomes are often larger than the X chromosomes (Parker, 1990) , consistent with recent origins; the large chromosome size does not imply absence of genetic degeneration, nor a high expressed gene content. On the other hand, accumulation of repetitive sequences such as transposable elements on the Y does not necessarily imply degeneration. It may merely be a sign that recombination is rare; accumulation also occurs in nonrecombining regions of the Drosophila genome (Charlesworth et al, 1994; Bartolomé and Maside, 2004) . The reasons for transposable element build-up probably involve several processes. Elements that would normally be eliminated by ectopic exchange may fail to be eliminated from the neo-Y, due to lack of recombination. The efficacy of selective removal will also be reduced because of low recombination rates (Charlesworth et al, 1994) . Genetic degeneration may be partly driven by this accumulation, or may occur independently later on. In the D. miranda neo-Y, transposable elements appear to be inserted either into introns or intergenic sequences, and hence do not directly disrupt gene function (although one insertion causes downregulation of a gene; Steinemann and Steinemann, 1992 Steinemann, , 1998 Bachtrog, 2003a) . It is possible that a build-up of transposable elements on a proto-Y or neo-Y could reduce gene expression on these chromosomes, through chromatin modification due to dsRNA interference, which is known to be associated with the presence of transposable elements (Lippman and Martienssen, 2004) . This could affect the selective constraints on neo-Y chromosomal genes, allowing faster degeneration than would happen in sex chromosome systems evolving de novo. Given the evidence for accumulation of transposable elements in the papaya and stickleback male-specific regions, it will be interesting in the future to test whether they are genetically degenerate. This will require laborious work to isolate Xlinked genes, and then to test whether the Y chromosome carries functional or degenerated copies.
There is no substitute for ascertainment of expressed sex-linked genes, and detailed molecular evolutionary studies. Most of the few plant sex-linked genes that have been studied so far were obtained from cDNA probed with Y chromosome sequences (Nicolas et al, 2005) , creating a bias towards transcribed Y-linked genes, and thus possibly towards nondegenerate genes. At present, the results from Silene genes can tell us only that some genes can be maintained on the Y without becoming pseudogenes. The only unbiased way to determine the fraction of degenerate loci is to ascertain X-linked genes. Once such genes are available, it will be possible to compare the time scale of transposable element accumulation with that of changes in coding sequences. It is clear that, over a time scale of only about one million years, about 30% of the genes so far studied on the D. miranda neo-Y are degenerate (with major lesions, or deleted; Steinemann and Steinemann, 1998; Bachtrog, 2003b) . However, in this case, a whole autosomal chromosome arm containing over 2000 genes is involved. This creates a large opportunity for Hill-Robertson interference processes that impede the efficacy of selection, detectable from the large reduction in effective population size for the neo-Y (Bachtrog and Charlesworth, 2002) .
In recently evolved sex chromosomes, degeneration is probably much slower than in neo-Y chromosomes. There is less opportunity for selection to cause reduced effective population sizes of Y-or W-specific genes, since only loci within the sex-specific region are probably relevant. However, the Silene Y chromosome has low diversity, suggesting a detectable reduction in its effective size (Filatov et al, 2000; Filatov et al, 2001) . Given that the stickleback and papaya male-specific regions have accumulated repetitive DNA, they may have been isolated from recombination with X-linked homologues for quite long times. Divergence data for synonymous sites within coding sequences should help to estimate the time scales.
Sequences from sex-linked loci will also allow accurate measurements of gene expression, important for testing whether Y-or W-linked genes lose function gradually, which would be consistent with hitch-hiking processes increasing frequencies of maladapted alleles, rather than major mutations causing loss of functions. The relationship between gene degeneration and dosage compensation cannot be studied until X-linked genes with expression in both sexes are found.
Knowledge of the X and Y gene content will also make it possible to map the sex chromosomes of nonmodel species of evolutionary interest. A detailed X recombinaSteps in sex chromosome evolution D Charlesworth et al tion map should allow detection of discontinuities in X-Y divergence, allowing the chromosome rearrangement hypothesis to be tested against more gradual recombination suppression. Deletion maps of the Y or W should illuminate the history of any rearrangements, and indicate the locations of active loci, including the sexdetermining genes. Genetic maps without physical map data cannot distinguish between large nonrecombining regions and smaller regions in which insertions of repetitive sequences and subsequent insertion/deletion events have been accumulating over long evolutionary times. Large numbers of anonymous markers, such as ALFP, can thus readily be found, not only when the male-specific region of a sex chromosome is physically large (and the pseudoautosomal region relatively small) but also if X-Y divergence is high, leading to disproportionately many marker differences between them. Conversely, we can infer that species with few completely Y-linked markers must have small nonrecombining regions, provided that large numbers of markers are scored. Mapping sequence variants in functional genes, including allozyme markers, will also be very helpful. Sex-specific markers can be found even when X-Y divergence is slight (e.g. the completely Y-linked S. latifolia SlY1 marker, whose synonymous site divergence is only a few per cent Filatov et al, 2000) . When many pseudoautosomal genes are found, this suggests a large PAR, as may be the state in many fish (Marshall et al, 2004) .
If Y-linked genes are incessantly evolving to improve male function and compete with other male genotypes, the changes may drive the evolution of recombination suppression, and thus recombination modifiers may also spread, some of which may themselves be on the Y (for instance, inversions). In established systems with a largely nonrecombining Y, these selection processes might be detectable, because chromosome-wide selective sweeps would occur, which could lower diversity of Ylinked genes, in combination with other hitch-hiking processes. If this contributes to the observed low Ylinked gene diversity, as suggested by data on the D. miranda neo-Y chromosome (Bachtrog, 2004) , variants should be at low frequencies, which can be detected by tests based on variant frequencies such as Tajima's test (Tajima, 1989) . However, if selection events are too frequent, or hitch-hiking processes reduce diversity too greatly, there might be too little diversity to apply these tests unless very long sequences are obtained.
Directly detecting adaptive changes on the Y and sexually antagonistic selection is a major task for the future. Selection could potentially be detected from accelerated amino-acid evolution at the loci involved, especially if several branches of a phylogenetic tree are available, so that methods such as PAML for directly detecting selection on the loci affected can be used (Yang and Bielawski, 2000) , but finding good candidate loci that are potential targets of selection is very difficult. Perhaps the most favourable situation for obtaining evidence for sexually antagonistic selection is in species whose sex chromosome systems evolved fairly recently, and are still experiencing the selective changes, such as Silene or fish, or where sex differences in allele frequencies of partially sex-linked genes can suggest such selection (Fisher, 1931; Marshall et al, 2004) . The presence of genes for male characters on the Y, but not the X, also indirectly suggests that antagonistic selection must have acted. When there has been a recent transposition of an autosomal gene onto the Y chromosome, if sufficient intraspecies variability is available, tests for selection based on comparisons of polymorphism and divergence (McDonald and Kreitman, 1991) could be used to ask whether the locus has experienced a burst of adaptive evolution. Transgenic experiments could also be used to test the genes' effects in females.
